Abstract: Free radical grafting copolymerization of butyl acrylate (BA) onto polypropylene (PP) matrix was investigated using supercritical CO 2 as a swelling agent and carrier solvent. The monomer BA and initiator AIBN were first dissolved in supercritical CO 2 , and then these small molecules were diffused into the grafting zones of PP matrix. As grafting reaction temperature (about 80 °C) was far below the melting point, PP was modified in the solid phase. The effects of different experimental conditions such as soaking time and temperature, supercritical CO 2 pressure; monomer and initiator concentration; PP particle diameter; solid phase grafting reaction time and temperature on grafting percentage were studied. Fourier transform infrared spectroscopy (FTIR) results and gel content experiment prove that the monomers were indeed grafted onto PP chains. Scanning electron microscope (SEM) analysis of the grafted sample indicates that the grafting branches PBA were homogeneously distributed onto the surfaces and micropores of PP particles. Thermal gravimetric analysis (TGA) results show that the grafted samples had a higher onset thermal degradation temperature and a lower weight loss at a particular temperature than pure PP. The water contact angle of PP-g-BA decreased from 98° to 72°, indicating the polarity and hydrophilicity of PP were improved effectively. The melt flow rate (MFR) and mechanical analysis results show that the grafting sample remained its versatile physical properties though introducing the grafting BA branch chain. This is prominent when it was compared with normal solid grafting product.
Introduction
PP is one of the most widely used commercial polymers in the form of fabrics, films and plastics, due to its excellent physical and chemical properties along with low cost. However, the lack of reactive groups on backbone and almost nonpolar surface has restricted its use in many fields. To resolve these problems, researchers have developed many methods for introducing functional monomers onto this polymer via grafting-copolymerization processes [1] [2] [3] , such as solution process, melt process, solid phase process and supercritical CO 2 (SC CO 2 ) assisted solid-phase grafting modification process, in which supercritical CO 2 assisted solid phase grafting is considered to be a high-efficient and energy-conserving method [4] [5] [6] [7] .
In recent years, the use of supercritical CO 2 as a green, sustainable, environmentally benign solvent for chemical reactions and polymerizations has become a widespread, growing reality, both in academia and in industry [8] [9] [10] [11] [12] . While CO 2 is gas at ambient condition, its supercritical states (T c = 31.1 °C, P c = 7.38 MPa) are easily attained by compression and heat. SC CO 2 has relatively high liquid-like density and low gas-like viscosity [13] . Both liquid and supercritical CO 2 have a tuneable density (and dielectric constant) that increases with increasing pressure or decreasing temperature [14] [15] [16] . The solvency of SC CO 2 is often compared to that of fluorocarbon solvents. As a supercritical fluid, on one hand, it is capable of dissolving many small molecules including many vinyl monomers, azo-and peroxy-initiators; on the other hand, it can plasticize and/or swell most of polymer matrices, but does not dissolve [17] [18] [19] [20] [21] [22] .
According to this special property, researchers have reported [23] [24] [25] [26] [27] the use of SC CO 2 to diffuse some substances into a polymer matrix such as PP in order to modify its physical and chemical properties. McCarthy and co-workers [28] [29] [30] first developed a novel route for producing polymer composites by the impregnation of monomer and initiator into matrix, followed by thermal free-radical polymerization. The monomer and initiator must be dissolved in SC CO 2 first. Then a polymer sample is exposed to the additive substances and CO 2 under high pressure. The additives carried by the CO 2 rapidly diffuse into the polymer. When the CO 2 pressure is released, the gas rapidly diffuses out of the swollen polymer, sharply reducing the additives diffusivity; so the additives would be left in the polymer. This process is often referred by the terms "SC CO 2 -assisted soaking impregnation" or simply "soaking" for brevity [31] [32] [33] .
However, thus far the above characteristics of SC CO 2 have not been explored and investigated to a sufficient extent for polymer modification process. More importantly, much fundamental understanding is needed. In this work, a new attempt was made to prepare a grafting copolymer of PP and BA by SC CO 2 soaking process in order to explore the possibility of SC CO 2 as a swelling agent and carrier solvent for modification of polypropylene. The effects of various factors of soaking process such as CO 2 pressure, soaking time and temperature, the monomer and initiator concentration, the diameter of PP pellets on the grafting percentage were investigated. The parameters of solid-phase grafting system were also discussed. The relation between various factors versus the grafting percentage was found in this study; the morphology and structure of the grafted and untreated PP were determined with FTIR, TGA, SEM and water contact angle methods. The MFR and mechanical properties of the grafting product were studied and compared with those of common solid-phase grafting product in the end. To our knowledge, Supercritical CO 2 -assisted solid-phase free radical grafting of butyl acrylate onto PP has not been reported so far, and this work should be interesting to researchers in polymer industry.
Results and discussion
In this work, the CO 2 -assisted impregnation experiments were conducted with CO 2 , BA, and AIBN as a single phase. In order to determine the optimal operation conditions, the effects of the soaking time, SC CO 2 pressure, monomer and initiator concentrations, the diameters of PP granules, grafting reaction time and temperature on the Gp were studied, and the results are shown in Figs. 1-8. Fig. 1 shows the grafting percentage plotted as the function of soaking time varied from 2 to 6 h at 41 °C and 8.1 MPa. The original concentration of BA was 6 % and AIBN 0.3 % based on the mass of feeding PP. The grafting reaction was carried out at 80 °C for 2 h. It can be observed that the grafting percentage first rises with soaking time; then becomes independent of soaking time after a period of 4 h, although it rapid increases initially. In other words, soaking equilibrium can be reached within 4 h. In fact, the soaking process is a distribution procedure that allots the monomer and initiator heterogeneously between SC CO 2 phase and PP matrix phase. The monomer and initiator first dissolve into SC CO 2 phase, then diffuse and absorb onto the grafting areas of PP with the aid of SC CO 2 . As the soaking time increases, the diffusion of monomer and initiator molecules onto the PP particles surfaces also increases, so grafting percentage is higher. The parallel of grafting percentage may be attributed to the saturation of active sites on PP backbone by diffusion and absorbance of monomer and initiator, which forms a diffusion barrier on the grafting zones. This also implies that the swelling ability of SC CO 2 towards this PP matrix has a limiting value. The results are in agreement with the findings obtained by Zhimin Liu [27] . There are two points about this phenomenon: on one hand, an increase in the pressure leads to the increase of solvent ability of CO 2 , which was not favorable for the impregnation of BA in the PP matrix because BA distributes between CO 2 fluid phase and PP matrix; on the other hand, the increase of CO 2 pressure results in an increase in the swelling or plasticizing content of the PP matrix, which makes the diffusion of the monomer and initiator in PP easier, and this is favorable to the grafting reaction. As its critical pressure is approached, there is a sudden increase in density. So in low supercritical pressure range, the second factor is always predominant. Besides, the stronger solvent ability of CO 2 at higher pressure makes the absorption of BA and the initiator into the PP matrix more difficult, the maximum at 8.1 MPa indicates a balance of the two opposite factors. It is well known that the density of CO 2 decreases with temperature increase at a fixed pressure. Therefore, the solvency ability of CO 2 reduces as the temperature rises. As a result, little monomer and initiator exist in CO 2 phase at higher temperature, which enhances the amount of monomer and initiator in PP particles. Moreover, the swell content of PP also increases as the temperature increases. Since grafting is a diffusion-controlled process, the enhancement of temperature simultaneously benefits the monomer and initiator diffusion into the grafting zones of PP matrix. Consequently, the samples prepared at higher soaking temperature have higher grafting percentage. But the amount of BA/AIBN diffusing onto PP is limited, as can be observed from . The soaking process is kept at 8.1 MPa, 41 °C for 4 h. It can be seen that the grafting percentage increases initially with the concentration of the monomer, and then reaches a constant value. This is easy to understand because the monomer distributes between the supercritical fluid phase and PP matrix phase during the soaking process. Obviously, the higher the monomer concentration, the more monomers will be impregnated into the matrix. As we all know, SC CO 2 is a swelling agent for PP, however, it mainly swells the amorphous regions of PP matrix. Because of the existence of crystalline domains in PP matrix, it can only swell the polymer to some extent. However when the swelling degree is fixed, the increase of monomer concentration cannot increase the grafting percentage once the absorbance balance is obtained. As is known, the PP molecules are first initiated by AIBN to generate PP macromolecules, so monomers can be grafted onto PP backbone through chain transfer. Initial increase in Gp is caused by the increase of free radicals. But the activated ratio of PP will be saturated when AIBN reaches a certain concentration, then excess AIBN will initiate the homopolymerization of BA. At the same time, the average molecular weight of side chain is also reduced. So when the concentration of the AIBN exceeds 0.5 wt % of PP, the grafted chains reduce and the degree of homopolymerization increases. Both of these lead to reduction of the grafting percentage. Hence, there is a maximum in Fig. 5 . Fig. 6 exhibits the effect of PP diameters on the grafting percentage. PP particles are capable of absorbing a larger amount of monomer and initiator than the films. And the smaller the diameter of PP pellets, the larger the specific surface areas and the more of crystalline deficiency areas and micro-pores. Therefore, it facilitates the monomers to diffuse into the inners and the surfaces of PP. But small pellets are easy to adhere to the reactor. In this work, the mix of above five diameters of PP was used. It must be stressed that the size of the PP powder has little effect on the graft percentage in the melt and solution grafting process. The dependence of reaction time verse the grafting percentage is shown in Fig. 7 . Clearly, the grafting percentage increases with reaction time and reaches a plateau after 2 h. It is easy to explain that all the AIBN initiator is consumed and/or all the monomers polymerize after a certain time.
To study the effect of reaction temperature on the grafting percentage, the temperature is varied from 75 to 95 °C, and the results are presented in Fig. 9 . The grafting percentage increases with the temperature increases. At lower temperature the initiator can't decompose completely, and at 80 °C the decomposition rate is compatible with the polymerization rate, so BA can be grafted onto PP efficiently. However, further increase in reaction temperature leads to mutual termination of various free radicals and serious homopolymerization of BA initiated. Therefore, the reaction temperature was set at 80 °C in our further studies. Basically, the results obtained are far lower than those obtained in the molten state or solution state with DCP as a radical initiator. So the degradation of PP via β-scission reaction, which would take place extensively when PP is processed in melt state, can be negligible this work, and the modified PP practically retains its original properties. 
FTIR spectroscopy analysis
FTIR spectroscopy is frequently adopted to characterize whether the monomers are grafted onto polymers or not. Fig. 9 compares the spectra of the pure PP (spectrum a) and PP-g-BA subjected to purification (spectrum b). In spectra b, additional peaks clearly appeared compared to spectrum a. The ones at 1735 cm -1 is due to the presence of an ester group of grafted butyl acrylate, which is absent from the spectrum of the original polymer, indicating that BA has been already grafted onto PP. Fig. 10 shows the TGA results of PP-g-BA samples with different grafting percentages, compared with pure PP. It is evident that each of the grafted samples has a higher onset thermal degradation temperature and a lower weight loss at a particular temperature than pure PP. It must be stressed that the more grafting degree is, the higher the thermal degradation temperature is. This interesting phenomenon indicates PP-g-BA has a better thermal stability than pure PP. Clearly, the improved thermal stability of the PP-g-BA results from the incorporated BA branches. This is due to the fact that grafted PBA chain is thermally more stable than tertiary hydrogen atoms on the PP backbone, which results in retardation of degradation rate of PP. The thermal stability of PP was also increased by the incorporation of acrylate acid or styrene in PP-g-AA and PP-g-St [40] . (Fig. 11a) . The grafted surfaces show a markedly bump texture, while the pure PP surface is very smooth. The bumpy surface of the grafted layers can be explained by the different grafting level in the amorphous and micropores regions of PP. The more the grafting percentage is, the rougher of the surface will be. 
Thermal gravimetric analysis

SEM measurements
Contact angle measurements
Water contact angles have been shown to be very sensitive to the nature of the functional groups on the surface of functionalized grafted polymers. Measurement of water contact angles gives a good estimate of the polarity and the hydrophilicity of the polymer. In this study, the water contact angles of PP-g-BA and PP were measured by contact angle goniometer and the results are listed in Table 1 . As is seen, the contact angle decreases from 98° (pure PP) to 72°, indicating that the polarity and the hydrophility of the polymer were improved efficiently. 
Comparison of Common Solid State Grafting and SC CO 2 -Assisted Solid State Grafting Polymerization
The grafting copolymers were synthesized by solid state and SC CO 2 -assisted solid state grafting polymerization separately here. Table 2 gives the results of Gp/Ge, MFR and mechanical properties of the grafting copolymers produced by the two methods. It can be seen that the MFR, tensile strength and elongation at break of PP-g-BA by SC CO 2 -assisted solid state grafting polymerization decrease slightly compared with the pure PP but that of PP-g-BA by common solid-state grafting polymerization decrease significantly. This may be attributed to an ascending trend of the chemical interaction between polar functional groups within the grafted particles.
With the polar PBA branch chain grafting onto the PP backbone, there is an increase trend of intermolecular interaction and it is opt to intrachain rotation which inhances the flexibility of PP. The disappearance of sharp interfaces among spherulites caused by grafting chain would favor the increase of elongation at break and tensile strength for grafting samples. However, the fact did not prove this, and it can be explained as follows.
It is known that supercritical fluids have high diffusivity, low viscosity and near zero surface tension compared to that of common liquids. Thus, the monomer and the initiator molecules can diffuse into any interchain space in the PP matrix with a faster rate with the aid of SC CO 2 , provided that the size of the interchain space is larger than the molecules. Thus, these molecules are more uniformly distributed in the PP matrix before grafting copolymerization. SC CO 2 is a swelling agent for PP; however, it mainly swells the amorphous regions of PP matrix. Because of the existence of crystalline domains in PP matrix, SC CO 2 cannot create large space within the PP substrate, and it can only swell the polymer to some extent. Thus, the grafting branches PBA within PP matrix is short that cannot impart the mechanical properties severely. But by common solid grafting polymerization, the monomer can only be grafted onto the surface of PP. Besides, the MFR is so high and the grafting efficiency is so low that the degradation may happen. So the common solid-state grafting polymerization cannot yield uniformly grafting sample, there would be more defects in the PP matrix by common solid-state grafting polymerization leading to ductility reduction than those by SC CO 2 -assisted solid state grafting polymerization. This is the reason for the mechanical performance of PP-g-BA by SC CO 2 -assisted solid state grafting polymerization superior to that of PP-g-BA by common solid-state grafting polymerization. 
Conclusions
BA and AIBN were impregnated into PP particles using SC CO 2 as a swelling agent and carrier solvent at 41 °C in the pressure 8.1 MPa for 4 h, and then BA was grafted onto PP at higher temperature. The Gp can be controlled by soaking time, temperature and pressure, concentration of monomer and initiator, and reaction temperature and time, PP diameters. FTIR spectra of the pure PP and the grafting sample indicate that BA was indeed grafted onto PP backbone. The SEM studies of the pure PP and grafted PP showed a dented structure in the grafted BA. The grafted surface shows a markedly heterogeneous bumpy texture. The water contact angle measurements shows the polarity and the hydrophility of the grafted polypropylene were improved efficiently. TGA measurements were performed for pure PP and various grafting percentage of PP-g-BA. The results show that the grafted samples have a higher onset thermal degradation temperature and a lower weight loss at a particular temperature than pure PP. The experimental results showed that the MFR and the mechanical properties such as tensile strength and elongration at break have been greatly improved after graft modification in SC CO 2 than common solid-state grafting polymerization. Between the two methods compared, it is found that using SC CO 2 as a swelling agent and carrier solvent instead of the traditional organic solvent is a feasible way.
Experimental part
Materials
The porous polypropylene particle (T30s) was supplied by Daqing Petrochemicals Corp. Ltd. and sieved to pass through 10, 20, 30, 40 and 50 mesh screens. This powdered PP was capable of absorbing a larger amount of liquid monomer than could the one in the normal films, therefore facilitating material feeding and soaking process. The monomer butyl acrylate (analytical grade) and initiator 2,2′-azobisisobutyronitrile (AIBN) (analytical grade) were commercially available from Shenyang Donghua Chemical Company. BA was purged to remove the hydroquinone inhibitors using an inhibitor remover disposable column (Aldrich Chemical) and decompression distilled prior to use. AIBN was recrystallized twice from methanol. The pure BA and AIBN were stored at 0 °C before use. Commercial methanol, xylene, and acetone were used as received. CO 2 (99.9 %) was obtained from Daqing Xuelong Air Product Company.
Grafting Reactions
The grafting reaction consisted of two steps. PP was first soaked with BA and AIBN at 41 °C using SC CO 2 as a swelling agent and carrier solvent for about 4 h. Then CO 2 was released and BA was grafted onto the PP matrix at a given temperature. To impregnate the PP granules, PP (10.0 g), BA, and AIBN were placed in a stainless steel vessel of 110 mL, and the vessel was sealed and placed into an electric-heated thermostatic water bath. The whole experimental set-up is shown in Fig.12 . The air in the vessel was removed quickly by low pressure CO 2 in three turns. After the system reached thermal equilibrium, CO 2 was charged by a syringe pump until the desired pressure was reached. The PP particles were swollen and BA/AIBN was diffused into the PP particles reactors. The fluid in the system was released after a desired soaking time. The impregnated grains were transferred into a 250 mL round-necked flask equipped with an agitator operated at 100 rpm. The air in the vessel was replaced by N 2 , then added xylene. The grafting reaction was carried out at 80 °C for 2 h under N 2 atmosphere.
The PP-g-BA acting as the reference compound was synthesized by common solidstate grafting polymerization as details described elsewhere [34] .
Fig. 12.
A schematic of the experimental set-up for the SC CO 2 -assisted solid-state grafting of BA onto PP. 1, CO 2 cylinder; 2, high-pressure liquid pump; 3, stirrer; 4, Backmann's thermometer; 5, mercury thermometer; 6, high-pressure vessel with a magnetic stirring bar; 7, pressure transducer; 8, constant temperature oil-bath; 9, magnetic stirrer; 10, temperature controller; 11, stirring controller; 12, digital multimeter.
Purification of PP-g-BA
Before characterization, both the PP matrix and PP-g-BA were purified by Soxhlet extraction in acetone for 12 h and then dried in vacuum at 50 °C for 24 h in order to remove the unreacted monomer, BA homopolymer, xylene, initiator AIBN and other small molecules. After dried, the extracted samples were weighted and then reextracted. These procedures were repeated until the weight of the samples was constant.
In order to determine whether the homo-polymers were removed by extraction, approximately 1.0 g extracted grafted polymer were dissolved in 100 mL of boiling xylene to permit separation of any unreacted monomer and free BA copolymer. The dissolution process took about 1 h. The solution was then added to 500 mL of acetone and allowed to stir for 10 h. Then dry the sample as in extraction process. As is known, acetone can precipitate PP and is capable of dissolving certain amounts of poly(butyl acrylate). It was found that the weight of the extracted products was independent of re-purified process. So we assumed that all the ungrafted polymers were removed clearly by the extraction process.
Determination of Grafting Percentage
The grafting percentage (Gp) was calculated according to the following equation: Many previous studies [35] [36] [37] [38] have adopted the ratio of FTIR characteristic peaks of monomer to internal standard peaks of PP method or titration method to calculate the grafting percentage. It must be stressed that the conversion ratio obtained by gravimetry or by two methods above-mentioned was in good agreement. F.Picchioni [39] had proved this when he grafted St onto PP.
FTIR spectroscopy
The FTIR spectra were recorded on a Perkin-Elmer FTIR Spectrometer 1760-X from 4000 to 400 cm -1 with a 0.5 cm -1 resolution. The PP samples were processed in 100 μm-thick films by compression moulding of 0.1-0.2 g between Teflon-covered aluminium sheets under atmospheric pressure at 200 °C for 5 s.
TGA Analysis
TGA was carried out on a Perkin-Elmer RIS Diamond TG-DTA from room temperature to 500 °C with a heating rate of 10 °C/min under dry nitrogen.
SEM Analysis
The fracture surfaces of the composites were studied with a JEOL JSM-6360LA scanning electron microscope operated at 15 kV. Surfaces of the sample were coated with chromium (3 nm) before the measurement.
Contact angle measurements
Contact angles of the PP and PP-g-BA were determined using a Shanghai Zhongchen Co. Ltd. JC2000C1 contact angle goniometer at ambient temperature. The sample films were processed same as FTIR. All measurements were performed using the sessile drop method and made with drops of 1 μl distilled water after about 15 s. The reported values were the average of eight measurements at various places on the same sample. The values of contact angle measurements varied by ± 3°.
Melt Flow Rate (MFR) and Mechanical Properties of PP-g-BA
The MFR was measured by a Takara X-416 Melt Indexer, Takara Thermistor Instruments Co. Ltd., Japan. Measurement was performed at 230 °C and a load of 2.16 kg by using the resulting powder. The tensile properties of the PP-g-BA samples were investigated on a universal tensile tester (Instron 1122) using a load of 20 kg. The elongation at break and tensile strength were measured at a crosshead speed of 50 mm/min. The average of five test results was calculated and reported.
Gel Content of PP-g-BA
PP might crosslink if a vinyl monomer is grafted onto it, especially if the grafting percentage was high. If the crosslinking happened, the structures and properties of polymer would be deteriorated to a great extent, which is not expected. Thus the crosslinking issue was emphasized in this work. The detecting procedures were as follows: an amount of purified PP-g-BA were added into given volume of xylene at 80 °C and agitated to dissolve for 1 h. As is known, the xylene does not dissolve crosslinked PP but original PP and PP-g-BA. It was found that the polymer was dissolved completely within 30 min without any gel, indicating that BA was all grafted onto PP and no crosslinking happened during the grafting process.
